The protein cross-linking enzyme transglutaminase from Streptomyces mobaraensis (MTG) is frequently used to modify therapeutic proteins. In order to reveal the binding mode of glutamine donor substrates, we have now crystallized MTG covalently linked to large inhibitory peptides. A series of peptide structures were examined but DIPIGSKMTG, which was chloroacetylated at serine, was the only inhibitory molecule that resulted in an interpretable density map. We found that, besides the warhead (modified Ser6), Ile4 and Gly5 of the inhibitory peptide occupy the tight but extended hydrophobic bottom of the MTG-binding cleft. Both termini of the peptide protrude along the cleft walls almost perpendicular to the bottom of the extended cleft. This peptide model suggests a zipper-like crosslinking mechanism of self-assembled substrate proteins by MTG.
Introduction
Restricted variance of amino acids and abundance of reactive residues make homogeneous modification of proteins at specific residues a challenging task. Typically, the chemical introduction of any payload is likely to generate a complex mixture of proteins decorated with none, one or more molecules of interest. Alternative approaches require highly specific enzymes such as transglutaminases. Transglutaminases are ubiquitously distributed in the three kingdoms of life accomplishing protein cross-linking and protein modification [1] . Due to small protein size and excellent stability, the small enzyme from distinct streptomycetes is widely regarded as best suited for industrial applications [2] .
Microbial transglutaminase from Streptomyces mobaraensis DSM 40487 (MTG, EC 2.3.2.13, UniProt P81453, PDB 1IU4) adopts a flat disc fold notched by the catalytic amino acids in a deep cleft of the protein [3] . The orientation of the nucleophilic cysteine to the glutamine donor-binding site (front vestibule) is thought to allow the immediate formation of substrate enzyme intermediates (thioesters). The attack of lysinecontaining donor proteins or other primary amines that enter the active site from the rear vestibule then provides opportunities for protein cross-linking via cglutamyl e-lysine isopeptide bonds or glutamine transamidation under release of the enzyme. Although great efforts have been made to rationalize specific selection of the most abundantly modified endo-glutamines by MTG [4] [5] [6] , mechanisms that lead to attraction of substrate proteins by long-range forces and that determine the orientation remained largely elusive. For instance, S. mobaraensis secretes, beside MTG, the Dispase-autolysis inducing protein (DAIP, UniProt P84908, PDB 5FZP) clustering four out of five glutamines in a seven-bladed b-propeller fold [6] . The glutamine of an extended loop, Gln39, has been shown to be the preferred binding site of MTG. As Kashiwagi and colleagues predicted [3] , Gln39 is flanked by uncharged hydrophilic and hydrophobic amino acids. In contrast, residues Gln298, protruding from a rigid b-turn, or Gln345 in the flexible C-terminal peptide are weaker substrates, even though the environment of Gln298 and Gln39 does not differ significantly in hydrophobicity. The only charged amino acid, Asp303, which could give rise to long-range attraction, is buried by the loop between the propeller blades V and VI [6] .
We have characterized several glutamine donor substrate proteins of MTG from S. mobaraensis [6] [7] [8] [9] . Besides DAIP, the Streptomyces papain inhibitory protein (SPI p , UniProt P86242, PDB 5NTB), which adopts a double-psi b-barrel fold, was extensively studied by site-directed mutagenesis to identify complementary (charged) patches on MTG and SPI p [10] . The study suggested several amino acids to be essential for the attraction and interaction of both proteins, but was not conclusive concerning the orientation of this interaction. Attempts of preparing MTG-DAIP or MTG-SPI p complexes failed, most likely due to the reactive thioester intermediates that readily decompose by hydrolysis. Moreover, the high flexibility of these proteins did not allow performing reliable in silico docking experiments. In order to identify substratebinding motifs at the MTG front vestibule, we synthesized large inhibitory peptides derived from sequences flanking DAIP Gln39 and SPI p Gln6. To our surprise, an inhibitory peptide, derived from SPI p Gln6, completely filled the cleft of MTG without interacting with amino acids of the front or rear vestibule. Here, we present the structural details of the observed inhibitor interactions.
Results

Inhibitor synthesis
The inhibitory peptides for microbial transglutaminase (MTG) were prepared by convenient strategies using automated Merrifield synthesis. Two 9-aa and 10-aa peptides were derived from sequence motifs at DAIP Gln39 and SPI p Gln6 referred to as inhibitory peptides IP1 and IP2 in the following (Table 1 , highlighted in grey). Exchange of SPI Lys7 for glycine, beneficial in MTG-mediated biotinylation [10] , resulted in a third 10-mer inhibitory peptide (IP3). The glutamines were replaced by serines to obtain precursor peptides for the introduction of the warhead. Reaction of the protected precursor molecules with chloroacetic anhydride simultaneously generated the required spacer and the electrophilic warhead that allowed the irreversible alkylation of the catalytic MTG cysteine (Fig. 1) .
Inhibition kinetics
Efficiency of the inhibitory peptides was evaluated by MTG-mediated incorporation of monodansylcadaverine (MDC) into dimethylcasein. The alkylated casein lysines thereby prevent the formation of high molecular weight aggregates, while enzymatic conjugation with MDC strongly enhances fluorescence intensity of the aminonaphthalene sulfonamide moiety [11] . The assay allows continuously running measurements, and linearity of the assay was monitored under the used conditions within the first 10 min (Fig. 2A) .
Applying this assay, the inhibitory peptide IP1 diminished conjugation rate at concentrations below 500 nM, and complete inhibition of MTG was achieved by the addition of 3-5 lM inhibitor during the used time span. This competitive inhibition assay resulted in a nonlinear reduction of the fluorescence signal increase which reached a plateau value (steady-state velocity of zero) as expected for irreversibly acting molecules. Specific inactivation of enzymes is frequently governed by two-step mechanisms comprising (a) reversible complex formation of the effective molecule with the enzyme and (b) the covalent inactivation reaction. In the two-step mechanism, efficiency of inhibition is described by the second-order rate constant k inact /K I where K I is the inhibitor concentration at half the maximal rate of inhibition and k inact the rate of inactivation at enzyme saturation (100 % occupancy with the inhibitory molecule) [12] . However, linear dependency between inactivation rate, defined by the pseudo-first-order rate constant k obs , and the inhibitor concentration suggested nonspecific inhibition of MTG by the inhibitory peptides. In this case, the chloroacetylated serine peptide did not only react with the cysteine in the active site of MTG, and k obs appeared non-saturating. Efficiency of the inhibitory peptides was then expressed by the slope that is k obs / [I] or k inact /K I respectively (Fig. 2B) ).
Structure of IP2 linked to transglutaminase
Highly purified transglutaminase from culture supernatants of S. mobaraensis was then incubated at pH 6.0 with a fivefold molar excess of the inhibitory molecules IP1-IP3. The mixtures were repeatedly spun in concentrators in order to remove unreacted peptides. All covalently inhibited transglutaminase conjugates were crystallized under similar conditions as the uninhibited enzyme [3] in space group P2 1 but harbouring two instead of four MTG molecules per asymmetric unit. Resolution of the complexes ranged from 2.0 A (IP1) to 2.8 A (IP3) allowing modelling of the MTG structure, but electron density of the inhibitory peptides was not interpretable for IP1/IP3 suggesting multiple binding modes. However, the complex formed with IP2 (DIPIGS*KMTG-NH 2 , 2.25 A resolution) allowed the tracing of the covalently bound inhibitory peptide between residues Asp1 to Met8 in one and Asp1 to Thr9 in the other complex of the asymmetric unit (Table 1 , Fig. 3A -C). Despite minor differences in the backbone and side-chain conformations, the overall binding mode of IP2 was highly similar in both MTG-IP2 complexes (Fig. 3C ). We thus limit here the description to one of the complexes focusing on the interactions that are observed in both MTG-IP2 complexes.
The MTG-IP2 complex structure firstly revealed the occurrence of the thioether bond that can be expected for the nucleophilic attack of the MTG cysteine Fig. 3D-F ). The overall interaction surface comprises approximately 500 A 2 and the interaction is mainly restricted to six residues of the inhibitory peptide, namely Ile2 and Ile4 to Met8, explaining the weaker electron density outside that region of the peptide due to a higher flexibility (Fig. 3D ,E). While we observed water molecules in the complex structure that are likely to be involved in the interaction, we limit the discussion to interactions between residues of MTG and IP2, as the limited resolution and quality of the electron density renders a detailed and reliable description of water-mediated contacts difficult. Apart from a hydrogen bond between the IP2 Gly5 backbone carboxyl oxygen and the MTG Tyr278 amide nitrogen as well as the covalent thioether bond between IP2 OAS (Ser6) and MTG Cys64, the majority of the interaction between the peptide and MTG was hydrophobic in nature (Fig. 3F) . The hydrophobic interactions are mediated by the hydrophobic part of a total of 11 residues of MTG clustered on the two cleft walls (Tyr62, Gly63, Asn239, Gly250, Phe251, Val252, Asn253, Phe254, Asn276, His277, Leu285). In consequence, interaction was restricted to the cleft/cleft walls and the peptide lacked any interaction with residues in the front vestibule of MTG (the proposed binding site of glutamine donor substrates). Residues Ile4 and Gly5 of IP2 were located towards the tight and mainly hydrophobic cleft bottom (Fig. 3A,B) . In contrast, residues N-and C-terminal to the centrally located 4 
IGS
6 protruded along the cleft walls almost perpendicular to the bottom of the extended cleft, with both the N and C termini of the peptide oriented towards the side of the front vestibule ( Fig. 3A-C) .
Interestingly, the superposition with the SPI p structure revealed differences in the overall conformation of the side-chain orientation of the residues, whereas the overall backbone trace of IP2 is similar to that of the N terminus of SPI p (Fig. 4) . Firstly, the acylated Ser6 of IP2 (OAS) is rotated by almost 180 degrees compared to the substrate glutamine in SPI p . Furthermore, the two residues (Lys7 and Met8) located on the carboxy-side of the IP2 warhead adopt a different conformation in comparison to their conformation in the SPI p structure (Fig. 4A) , which is likely to be a consequence of the flipping and covalent bond formation of the glutamine substrate residue (OAS in IP2). Especially, the side chain of Lys7, that disturbs biotinylation of SPI p by MTG (10), occupied a completely different position as compared to the SPI p protein. The Lys7 side chain of IP2 rotates by approximately 108 degrees towards the opening of the cleft, whereas Lys7 in SPI p would instead be pointing towards the cleft bottom (Fig. 4A) . Met8 in IP2 is rotated by approximately 180 degree in such a way that the Met8 side chain is directed to the rear vestibule (lysine donor-binding site) interacting with the hydrophobic patch formed by 250 GFV 252 on MTG (Fig. 3D-F,  Fig. 4A ). But most importantly, the double-psi-betabarrel (DPBB) domain of SPI p clashes extensively with MTG in the superposition ( Figs 4B and 5A,B) , strongly suggesting that, apart from the local conformational changes in the IP2 6 
SKM
8 sequence, a detachment of the N-terminal peptide from the DPBB core domain must precede the modification of SPI p by MTG (Fig. 5C,D) . In summary, the MTG Cys64 thiolate is irreversibly bound to the glutamine donor mimicking IP2 by forming a thioether bond. We observe changes in the overall conformation of residues Ser6 (corresponding to Gln6), Lys7 and Met8 as compared to their conformation in SPI p . The IP2 Ile4, Gly5 and Ser6 are located at the bottom of the catalytic cleft with the two peptide termini oriented towards the front vestibule as Kashiwagi and colleagues proposed [3] . Rise of [24] . IP2 residues are shown in green, dashed lines indicate hydrogen bonds, arcs with spokes radiating towards IP2 atoms represent hydrophobic contacts.
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The FEBS Journal 285 (2018) 4684-4694 ª 2018 Federation of European Biochemical Societies the peptide moieties from the tight MTG cleft bottom contradicts the assumption that the glutamine donor protein must closely interact with MTG prior to the formation of the primary acyl enzyme (thioester) complex (cf. ref. [10] ). In line with that, the clash of the DPBB domain of SPI p with MTG indicates that a detachment of the N terminus of SPI p (harbouring the Gln6) from the DPBB core structure precedes binding and modification by MTG. This observation and the MTG-induced IP2 conformation seem to be more consistent with a model of self-assembled substrate proteins. In this case, the glutamine and lysine residues protrude from the formed protein layer and are crosslinked by MTG in a zipper-like mechanism (Fig. 6A) . At least 7 out of 10 IP2 amino acids occupy the inner space of the catalytic cleft, thus suggesting that the accessible glutamine should be located in an extended flexible loop such as Gln39 of DAIP (6) or at a terminal end as is the case of SPI p .
Discussion
Transglutaminases are enzymes that cross-link proteins via N e -(c-glutamyl)lysine isopeptide bonds [1] . Incorporation of primary amines into endo-glutamines results in the formation of protein conjugates. As Kashiwagi and colleagues proposed [3] , reactive glutamines need to be located in a highly flexible protein region consisting of small residues in the C-terminally flanking sequence. Glutamine donor proteins are thought to occupy the front vestibule of the discshaped enzyme structure while, upon formation of the thioester intermediate, the rear vestibule may be set to receive lysine donor proteins or primary amines. This proposed mechanism was supported by mutagenesis experiments indicating the beneficial replacement of amino acids at the front vestibule of MTG for smaller and more hydrophobic residues [13] . Drawback of the study was the usage of the small substrate peptide Cbz-Gln-Gly, which was capable to identify beneficial MTG variants by increased activity but not to mimic interactions of flexible protein loops, typically present in protein substrates. Moreover, peptide and mRNA libraries have been used to describe an appropriate substrate glutamine environment [14, 15] . While some of the obtained results were contradictory, these studies revealed preference of MTG for hydrophobic amino acids at the N-terminal sequence of the central glutamine residue. However, these studies left the question unresolved whether the peptide N terminus is directed to the front or rear vestibule. Intrinsic MTG substrates such as DAIP and SPI p [6, 10] have in common that neutral and hydrophobic amino acids are upstream-located from the reactive glutamines, DAIP Gln39 and SPI p Gln6 (Table 1) . Contrary to the predicted benefit of a positive charge adjacent to glutamine [14] , SPI p Lys7 disturbs the interaction with MTG, and biotinylation rate was considerably increased by substitution with glycine. The inhibitory peptide IP2, mimicking the SPI p N-terminal segment, illuminated the binding mode in complex with MTG. Six out of 10 IP2 residues, comprising Ile2 and Ile4 to Met8, mainly contributed to the interaction, while the very terminal residues Asp1 and Thr9/ Gly10 appear to be more flexible (Fig. 3) . Of the six interacting residues, the covalently bound Ser6 (OAS) as well as Ile4 and Gly5 occupied the extended cleft bottom. In contrast, the remaining residues of IP2 stuck out of the bottom, almost perpendicular, and interact with the enzyme backbone or hydrophobic regions in the MTG cleft walls. The specific shape of the walls most likely directed both IP2 termini towards the front vestibule. Remarkably, IP2 OAS (Gln6 in SPI p ), Lys7 and Met8 had altered the torsion angles compared to the SPI p protein. IP2 Lys7 interacted with MTG via the hydrophobic spacer in its side chain, while the positively charged e-amino group pointed towards the negative patch formed by MTG Asp3/Asp4. Such configuration may explain the beneficial effect of arginine adjacent to glutamine in artificial peptides sorted by previously used phage-displayed peptide libraries [14] .
The orientation of IP2 in the catalytic cleft may have some consequences for the attachment of glutamine donor proteins to MTG. If the accessible glutamine is part of the protein terminus, an IP2-like setting of the upstream-(C terminus) or downstreamlocated peptide (N terminus) in the catalytic cleft bottom possibly allows the interaction of the core of the substrate proteins with the front vestibule of MTG (Fig. 6B) . The reverse positioning, however, direct the main protein to the cleft entrance as is the case for the IP2 molecule and most likely for SPI p (Figs 3 and 5A,  B) . If the reactive glutamine is integrated in a flexible loop such as DAIP Gln39, however, MTG has the free choice to select between both glutamine-flanking peptides. Whatever the choice is, interaction of the substrate protein with the front vestibule might be only conceivable if both glutamine-flanking peptides protrude side by side from the cleft bottom of MTG. The MTG-IP2 crystal, however, has shown that only a single peptide moiety can occupy the cleft bottom. For reaching the front vestibule, the other protein strand must correspondingly rise to overlay the bound peptide and, in turn, the main orientation of the residual substrate protein should be directed to the cleft entrance of MTG. Indeed, considerable conformational changes in the IP2 6 SKM 8 segment compared to SPI p give rise to the assumption that the substrate protein only interacts with amino acids of the MTG cleft. Superposition of bound IP2 with the SPI p N terminus showed extensive clashes of the double-psi-beta-barrel (DPBB) domain with MTG (Fig. 4B) . IP2-like rotations at the r-bonds of the SPI p 5 GQKM 8 backbone, especially Gly5, might orientate the protein to the middle of the MTG cleft, thus abolishing nearly completely the SPI p clashes with the MTG cleft wall (Fig. 5A,B) . This protein flipping strongly suggests that a detachment of the N-terminal peptide from the DPBB core domain most likely precedes the modification of SPI p by MTG, and the SPI p substrate may occur in a closed and open form (Fig. 5C,D) . Accordingly, orientation of IP2 in the MTG cleft and the probable detachment of the SPI p N terminus support the hypothesis that MTG cross-links more a selfassembled substrate protein layer than single proteins in the bacterial cell wall (Fig. 6A) . Interaction of glutamine donor substrates with amino acids of the MTG front vestibule such as Trp59, Gln65, Tyr75 or Thr77 [13] , however, must be questioned. In any case, positioning of the N-terminal IP2 moiety in the catalytic cleft may be helpful to design more efficient MTG tags or to gently modify appropriate loops of therapeutic proteins without detrimental conformational changes. The study further revealed that not only transglutaminases such as eukaryotic TG2 and blood coagulation factor XIII [16, 17] but also glutamine donor substrates are likely to switch between closed and open forms.
Materials and methods
Enzyme
Transglutaminase was purified from culture supernatants of Streptomyces mobaraensis DSM 40487 as described [18] . To remove tiny residues of fragments, the Fractogel EMD SO shaking for 3 h at ambient temperature, the peptide was precipitated and washed with 3 9 40 mL cold diethyl ether. Peptides IP1-IP3 were isolated by semi-preparative RP-HPLC and analysed with LC-ESI-MS after lyophilization. 
Reversed-phase HPLC
LC-ESI-MS analysis
LC-MS data were recorded by Shimadzu LCMS-2020 equipped with a Phenomenex Synergi 4u Hydro-RP column (250 9 4.60 mm, 4 lm, 80
A, Phenomenex, Torrance, CA, USA). The peptides were eluted by a linear gradient using 0.1 % HCO 2 H in H 2 O and 0.1 % HCO 2 H in acetonitrile.
Transglutaminase assay
Activity of transglutaminase was monitored according to the method of Lorand et al. [11] . In brief, the reaction between 20 lM dimethylcasein and 25 lM monodansylcadaverine (both from Sigma-Aldrich, Taufkirchen, Germany) in 50 mM Tris pH 8.0 containing 200 mM NaCl and various amounts of the inhibitory peptides was started by the addition of 25 nM MTG at 37°C. Increase in fluorescence (k exc of 330-360 nm, k em of 515 nm) was continuously monitored up to 10 min using a POLARstar OPTIMA (BMG LABTEC, Ortenberg, Germany). The obtained data in triplicates were fitted by GraphPad Prism.
Structure analysis of inhibited transglutaminase
MTG inhibited with IP2 was crystallized using the sittingdrop vapour diffusion method by mixing equal volumes of 2 mg/mL protein and precipitant solution. Plate-like crystals grew within 12 d to full size (300 9 50 9 10 lm) in 38 % (w/v) polyethylene glycol 400, 70 mM Na 2 HPO 4 and 100 mM NaH 2 PO 4 at 20°C. Crystals diffracted to 2.25 A in P2 1 space group. Diffraction data were collected at beamline X06DA/PXIII (Swiss Light Source (SLS), Paul Scherrer Institut, Villigen, Switzerland) at a wavelength of 1.0 A at 100 K. Data were processed and scaled using XDS [19] and aimless [20] respectively. The microbial transglutaminase (PDB 1IU4) was used as an initial search MR model. The final model was built manually using Coot [21] with iterative refinement steps of phenix.refine (PHENIX package [22] ). Data and refinement statistics are summarized in Table 2 . Protein structure was deposited in the Protein Data Bank (PDB) with the ID 6GMG. Interface surface area was determined using the 'Protein interfaces, surfaces and assemblies' (PISA) server [23] . Residues involved in the interaction were analysed using Ligplot+ [24] .
